Hafnium oxide films were deposited by high pressure reactive sputtering using different deposition pressures and times. The composition, morphology, and optical properties of the films, together with the sputtering process growth kinetics were investigated using heavy ion elastic recoil detection analysis, Fourier transform infrared spectroscopy, ultraviolet-visible-near infrared spectroscopy, x-ray diffraction, and transmission electron microscopy. The films showed a monoclinic polycrystalline structure, with a grain size depending on the deposition pressure. All films were slightly oxygen rich with respect to stoichiometric HfO 2 and presented a significant amount of hydrogen ͑up to 6 at. %͒, which is attributed to the high affinity for moisture of the HfO 2 films. The absorption coefficient was fitted to the Tauc law, obtaining a band gap value of 5.54 eV. It was found that the growth rate of the HfO 2 films depends on the deposition pressure ͑P͒ as P −1. 75 . This dependence is explained by a diffusion model of the thermalized atoms in high-pressure sputtering. Additionally, the formation of an interfacial silicon oxide layer when the films were grown on silicon was observed, with a minimum thickness for deposition pressures around 1.2 mbars. This interfacial layer was formed mainly during the initial stages of the deposition process, with only a slight increase in thickness afterwards. These results are explained by the oxidizing action of the oxygen plasma and the diffusion of oxygen radicals and hydroxyl groups through the polycrystalline HfO 2 film. Finally, the dielectric properties of the HfO 2 / SiO 2 stacks were studied by means of conductance and capacitance measurements on Al/ HfO 2 / SiO 2 / Si devices as a function of gate voltage and ac frequency signal.
I. INTRODUCTION
Thin films of transition metal oxides, especially HfO 2 , have been extensively studied due to their broad range of applications. The high values of their dielectric constant make them suitable candidates for replacing the silicon oxide and oxynitride insulating film in field effect transistors 1 and dynamic random access memories. 2 Due to the large bang gap and high refractive index, HfO 2 is also an interesting material for optical applications. HfO 2 is regularly used as optical coating for astronomical charge coupled devices ͑CCDs͒, 3 as antireflective multilayer coating for night vision devices, and for IR optical devices. 4 Moreover, HfO 2 is used in pH, Na + , K + , and H + chemical sensors, 5 and in physical sensors for on chip temperature detection. 6 The application of high-k materials in bioelectronics has also been studied due to the efficient capacitive interaction of silicon chips and living cells. 7 Finally, HfO 2 is an interesting protective coating for applications in contact with harsh environments due to the high chemical inertness. 8 In this work, the properties of HfO 2 thin films grown by high-pressure reactive sputtering 9 ͑HPRS͒ are studied. This nonconventional deposition method works at chamber pressures in the order of 1 mbar, which is about two or three orders of magnitude higher than in conventional sputtering systems. Due to the high pressure, the mean free path of the plasma species is significantly shorter ͑about 0.05 mm͒, 10 so that the plasma region is confined in the neighborhood of the target. Besides, the particles emitted by the target collide with the gaseous medium, losing energy, thermalizing within a short distance of the cathode, and then reaching the substrate by means of a pure diffusion process. Therefore, this deposition method prevents the impact of high-energy species on the substrate and on the growing film, greatly reducing the damage to the interface and the film itself. Another advantage of this technique is the possibility of working with several targets, allowing the fabrication of multilayered structures or compounds. This technique has been successfully used to grow high-T c superconductor films, 11 titanium oxide ͑TiO 2 ͒ films, 12 and multilayer buffers for high-T c superconductor devices 13 using a multitarget system. In this work, the physical properties and growth kinetics a͒ of high-pressure reactively sputtered HfO 2 are studied as a function of deposition pressure and time. Also, the possible applications in the different fields presented in this section are analyzed. Results of measurements on TiO 2 films 12 deposited with the same equipment are discussed for comparison.
II. EXPERIMENT
The details of the HPRS system used to grow the HfO 2 films were given elsewhere. 12, 14 A commercial HfO 2 target with nominal purity of 99.95% ͑except, Zr͒ and a diameter of 4.5 cm was used. O 2 was used as reactive gas. It is emphasized that the only elements purposefully introduced in the process are those composing the deposited film, i.e., Hf and O. Therefore, the purity of the sputtered films can be controlled by the purity of the target, in contrast to other deposition techniques such as chemical vapor deposition ͑CVD͒ or atomic layer deposition ͑ALD͒ where the impurity incorporation in the deposited films is always a cause of concern.
Two series of samples were fabricated. In the first one, the depositions were performed during 180 min with pressures ranging from 0.8 to 1.6 mbars. In the second series, the deposition pressure was kept constant at 1.2 mbars, while the deposition time was varied between 2 and 150 min. In both series, the radio frequency power was 60 W, the substrate temperature was 200°C, and the target to substrate holder distance was 2.5 cm.
The substrate for the HfO 2 growth was selected according to the characterization technique. For the optical measurements, UV-grade quartz ͑silica͒, whose transparency range extends down to 190 nm covering the absorption edge of hafnium oxide, was used. The samples for the other techniques were prepared on single side polished n-Si ͑100͒ wafers with a resistivity of 4.6-5.0 ⍀ cm or for infrared spectroscopy on double side polished p-Si ͑111͒ wafers with high resistivity ͑80 ⍀ cm͒. The wafers were cut into 1 ϫ 1 cm 2 pieces and subjected to a standard RCA cleaning method. 15 Just before introduction into the chamber the native oxide was removed by immersion in diluted HF ͑50:1͒ for 30 s.
The bonding structure was studied by Fourier transform infrared spectroscopy ͑FTIR͒ in the 150-4000 cm −1 range using a Nicolet Magna-IR 750 series II spectrometer working in transmission mode at normal incidence. The composition of the films was measured by heavy ion elastic recoil detection analysis ͑HI-ERDA͒ using 350 MeV Au ions. The different species were identified by the time-of-flight technique. 16, 17 The ion fluence was in the order of 10 12 atoms/ cm 2 , which is low enough to minimize preferential effusion effects of light atoms, which take place at higher ion fluences. 18 This technique provides the absolute atomic concentration of every species present in the film and the total atomic area density ͑atoms/ cm 2 ͒, without needing calibration standards. Transmittance ͑T͒ and reflectance ͑R͒ spectra were measured in the ultraviolet-visible-near infrared range ͑UV-Visible-NIR͒ by means of a Perkin-Elmer Lambda 9 spectrometer. The optical constants were extracted from the spectra following the procedure of Hernández-Rojas et al. 19 The nature and the value of the band gap ͑E G ͒ were determined from a fit of the data according to the Tauc law. 20 X-ray diffraction ͑XRD͒ was performed to study the crystallinity of the films using a Philips XPERT diffractometer with Cu K␣ radiation in -2 configuration. The HfO 2 peak near 2 = 28.35°was used to estimate the grain size by means of the Scherrer equation. 21 The film and interface morphology and thickness were investigated by transmission electron microscopy ͑TEM͒ using a JEOL JEM-2000FX microscope operated at 200 keV. Finally, metal oxide semiconductor ͑MOS͒ devices were fabricated by e-beam evaporation of Al electrodes in order to evaluate the dielectrical properties of the films. Capacitance and conductance measurements as a function of voltage and frequency were carried out by means of an Agilent 4294A impedance analyzer. The density of interfacial traps ͑D it ͒ was evaluated by means of the following equations:
where G P is the maximum of the peak of the equivalent parallel silicon conductance calculated from the measured capacitance ͑C m ͒, conductance ͑G m ͒, and oxide capacitance ͑C ox ͒. The oxide capacitance ͑C ox ͒ was determined from the admittance as a function of frequency in strong accumulation. The C-V and G-V measurements were performed at a frequency of 50 kHz, for which the maximum value of G P / were obtained. Finally, the frequency dispersion of the calculated relative dielectric permittivity of HfO 2 was studied in the frequency range from 40 Hz to 200 kHz.
III. RESULTS AND DISCUSSION

A. FTIR analysis
The bond structure of the films was studied by FTIR. Figure 1 shows the FTIR spectra of the samples deposited at different deposition pressures. Note that each spectrum is divided into two frequency ranges corresponding to the de- tectors used in the measurement. These IR spectra were measured between 150 and 4000 cm −1 , but the only significant spectral features were found in the 150-1200 cm -1 range, which is shown in Fig. 1 .
The peak observed at 670 cm −1 is related to CO present in the background, and the band around 610 cm −1 is attributed to the absorption of a strong Si phonon. 23 Therefore, neither of them will be further discussed.
Several bands associated with HfO 2 are observed at 410, 343, 285, 253, and 235 cm −1 in the far IR, and at 748 and 512 cm −1 in the mid-IR. The position of these bands are in agreement with the findings for monoclinic HfO 2 . 24 The peaks situated in the mid-IR have been reported previously and assigned to the transverse optical ͑TO͒ phonon modes. 23 A decrease of the height and area of the strong absorption bands is observed when deposition pressure is increased, suggesting a decrease of the HfO 2 thickness and deposition rate ͑keeping in mind that the deposition time was kept constant͒.
Two bands at 1056 and 461 cm −1 associated with silicon oxide are also observed in Fig. 1 . The band located at around 461 cm −1 corresponds to the bending mode of the Si-O-Si bond, while the band located at 1056 cm −1 is characteristic of an asymmetric stretching vibration of the SiO 4 unit in strained SiO 2 . 25 We attribute these bands to the formation of an interfacial SiO 2 layer between the HfO 2 film and the Si substrate during the deposition. The presence of silicon suboxides near the Si/ SiO 2 interface 25 and/or that the Hf-O bonds are longer than the Si-O bonds 26 may be responsible for the strain in this layer. Figure 2͑a͒ shows the area of the Si-O stretching band as a function of deposition pressure. The band area is proportional to the concentration of bonds associated with that band. A minimum is observed for the films deposited at around 1.2-1.3 mbars, suggesting a minimum in the thickness of the SiO 2 interfacial layer. To further study the growth kinetics of this interfacial layer, other series of nine samples was deposited, keeping the deposition pressure constant at 1.2 mbars and varying the deposition time from 2 to 150 min. A shift of the band to lower wave numbers down to 1049 cm −1 , together with a decrease of the area, was observed as the deposition time was reduced. Figure 2͑b͒ shows the area of the asymmetric stretching band of the SiO 4 unit as a function of deposition time. A nonlinear dependence is observed, with a great increase of the area for deposition times up to 30 min and a slight increase for longer deposition times. This behavior indicates that the SiO 2 interfacial layer grows mainly during the early stages of deposition, reducing its growth rate as the thickness of the hafnium oxide layer increases. Figure 3 presents a representative scatterplot of time-offlight of the elements as a function of their energy obtained by HI-ERDA for the HfO 2 film deposited at 1.2 mbars. Due to the limited depth resolution of the HI-ERDA analysis and the low thickness of the interfacial layer, it is difficult to separate the oxygen coming from the HfO 2 film and from the SiO 2 film. Therefore, for the calculation of the concentration of each species in the HfO 2 film, the thickness of the SiO 2 obtained by TEM measurements were taken into account. The calculations were performed by simultaneous fitting of the energy spectra of all contributing elements using the simulation code SIMNRA. 27 Table I summarizes the obtained atomic concentrations of the detected elements, as well as the oxygen to hafnium ratios. All samples were slightly oxygen rich ͓͑O͔ / ͓Hf͔ Ͼ 2͒ and contained significant amounts of H ͑up to 6 at. %͒. Small concentrations of other elements ͑Zr, F, N, B, and C͒ were also found. The origin of these elements is now analyzed. Zirconium comes from the HfO 2 target itself. Zr is a usual impurity in the hafnium because they are difficult to separate. Fluorine may originate from the RCA cleaning process whereas nitrogen may have been incorporated during the deposition due to the residual gas in the chamber. Hydrogen is an element difficult to evacuate from the chamber and it may react with the oxygen to form hydroxyl groups thus incorporating in the growing film. Therefore, the hydrogen and the oxygen excess in the HfO 2 films may be attributed to the affinity for the adsorption of hydroxyl ͑-OH͒ groups or moisture of the HfO 2 films. 28 In a previous study concerning the growth of TiO 2 films using the same HPRS system and the same deposition procedure ͑same sputtering parameters and Si-substrate cleaning͒, 12 similar concentrations of F, B, C, and N impurities were found. However, the H concentration was lower than 1%. This supports the assumption that the small amounts of F, B, C, and N are related to the cleaning or the deposition technique. Nevertheless, the H excess in the HfO 2 films is associated with high affinity for moisture of this material. The density of the HfO 2 films was obtained from the HI-ERDA area densities concentrations ͑atoms/ cm 2 ͒ and the thickness measured by TEM. The obtained values are shown in Fig. 4 as a function of deposition pressure. The error bars are about 10% and include the uncertainties due to the determination of the HfO 2 and the SiO 2 thicknesses by TEM as well as the counting statistics in the HI-ERDA procedure. The theoretical value for HfO 2 bulk density is 10.1 g / cm 3 , determined from the unit cell parameters of the monoclinic phase. Density values slightly higher than the theoretical value, but within the uncertainty of the technique, were obtained for the samples deposited at 0.8 and 1.6 mbars. Lower densities were measured for the films deposited at intermediate pressure. The lowest value was obtained for the sample deposited at 1.0 mbar. As it will be discussed later, for this intermediate range of pressures the highest grain sizes were observed, also shown in Fig. 2 , suggesting a relationship between the density of the films and the grain size.
B. HI-ERDA analysis
C. UV-visible-NIR analysis
The transmittance and reflectance spectra in the ultraviolet-visible-near infrared region were measured in order to determine the optical properties of a representative film deposited at 1.2 mbars. The complex refractive index was obtained by means of numerical analysis, taking into account the scattering of the light caused by surface roughness. The details of the calculations are given elsewhere. Figure 6 shows the XRD spectra of the HfO 2 films deposited at different pressures and the position of several reflections associated with the monoclinic phase of HfO 2 . 30 The main peak of this phase is located at 28.35°and corresponds to the 111 reflection. Secondary peaks of this phase are also visible. Thus, the XRD measurements support a polycrystalline structure of the HfO 2 films, and the peak positions confirm a monoclinic phase. The average grain size, which is shown in Fig. 4 , was estimated according to the Scherrer equation 21 from the full width at half maximum ͑FWHM͒ of the 111 reflection peak, obtained by fitting the spectra by Gaussian shaped lines. The peak intensity of the 111 monoclinic HfO 2 feature decreases with increasing deposition pressure. The sample deposited at 0.8 mbar presents the smallest grain size ͑ϳ8 nm͒, whereas the samples deposited between 0.9 and 1.4 mbars have a roughly constant grain size ͑ϳ20 nm͒. Finally, at 1.6 mbars the grain size decreases with respect to intermediate deposition pressures ͑ϳ16 nm͒. As shown above, the lowest densities of the films are related to the largest grain sizes, probably due to void space between crystallites. In the sensor applications area where layers with a very low chemical reactivity are necessary, hafnium oxide is a promising candidate. In this field a high mass density with a structure of small crystallites is required. 8 These characteristics are obtained when the HfO 2 films are grown at the lowest pressures studied, indicating that HPRS HfO 2 can be used in that field.
D. XRD analysis
E. TEM analysis
The cross-sectional TEM images of HfO 2 films deposited at different pressures were obtained to confirm the HPRS HfO 2 / SiO 2 stacked structure. HfO 2 polycrystalline layers were observed on top of thinner amorphous films. The amorphous films were identified as SiO 2 , in agreement with the FTIR results. The electron diffraction patterns of the HfO 2 films could be explained by a polycrystalline monoclinic phase, further supporting the FTIR and XRD results. The thickness of the HfO 2 films determined from the TEM images are shown in Fig. 7͑a͒ as a function of deposition pressure. A decrease of the HfO 2 thickness with increasing deposition pressure is observed, as previously suggested by the FTIR results. This can be explained as follows. In our HPRS system, the mean free path length of the working gas varies inversely with pressure, covering values from 0.04 to 0.08 mm for deposition pressures from 1.6 to 0.8 mbar, respectively. 31 The average energy of the sputtered particles is less than 10 eV. 32 The average fractional energy lost ͑final energy/initial energy͒ may be estimated from the binary collisions theory. 10 In the case of sputtered hafnium slowing down in collisions with O 2 molecules, the average fractional energy lost is about 0.75. Therefore, the sputtered hafnium is thermalized after 20 collisions, travelling a maximum distance of 0.16 and 0.08 cm for a deposition pressure of 0.8 and 1.6 mbars, respectively. The thermalization distance of the sputtered atoms is much shorter than the target to substrate distance ͑2.5 cm͒ and therefore they are transported to the substrate by a diffusion process. Then the thermalization distance of the sputtered particles decreases accordingly with pressure and the spatial profile of the thermalizated particles approaches the cathode. The sputtered particles have to diffuse a longer distance to reach the substrate with increasing pressure thus decreasing the growth rate. Moreover, the transport of thermalized particles is less efficient with increasing pressure because the diffusion coefficient is reduced. The relationship between the thickness and the pressure can be fitted by t HfO 2 ͑nm͒ = 101p͑mbar͒ −1.75 . ͑4͒
Znamenski et al. 33 found a similar dependency with pressure for the atomic flux reaching the substrate j s ͑calcu-lated from the thickness of the film͒ for high-pressure magnetron sputtering ͑j s Ϸ P −2 ͒ and proposed a diffusion model to explain the transport of the thermalized atoms. Our results are consistent with the proposed model.
Similarly, the same approximations are applied to the reflected atoms on the target. The maximum travelling distance of these nonthermalized particles is around 0.27 cm when the initial energy is 500 eV. However, a heating of the substrate is observed during the deposition. Due to the short thermalization lengths of the sputtered and reflected particles, the energy deposited in the substrate may only come from the secondary electrons, which may promote the polycrystalline growth of the films. Figure 7͑b͒ shows the thickness of the interfacial SiO 2 layer as a function of deposition pressure. A minimum is observed for pressures around 1.2 mbars, in agreement with the FTIR results for the area of the SiO 2 stretching band ͓see Fig. 2͑a͔͒ . To further investigate the growth mechanism, TEM measurements were performed in a series of seven samples deposited at a constant pressure of 1.2 mbars, with deposition times ranging from 5 to 150 min. Figure 8 shows the SiO 2 and HfO 2 thicknesses derived from these measurements as a function of deposition time. The HfO 2 thickness is directly proportional to deposition time, indicating a constant deposition rate, whereas the SiO 2 layer grows mainly in the initial 30 min and then remains roughly constant, as FTIR measurements suggested ͓see Fig. 2͑b͔͒ .
The kinetics of the formation of the interfacial SiO 2 may be explained by two different mechanisms taking place at different stages of the deposition process. At the beginning of the deposition, the high growth rate of SiO 2 is due to the oxidation of the silicon surface by the highly reactive oxygen radicals present in the plasma. 34 The necessary energy to dissociate an oxygen molecule is 5.2 eV, close to the energy of the electrons of the discharge. 10 During the glow discharge, the molecular oxygen is converted into atomic oxygen which reacts readily. Additionally, hafnium oxide has a higher heat of formation than SiO 2 .
35 Therefore, SiO 2 -like bondings are energetically favored over silicidelike bondings at the interface, and the formation of a thin layer of silicon oxide is unavoidable.
As the deposition process advances and the HfO 2 film gets thicker, the subsequent growth of the silicon oxide interfacial layer is limited by the diffusion of oxygen and/or hydroxyl groups. The polycrystalline structure of the hafnium oxide deposited by HPRS allows the oxygen diffusion through the grain boundaries, which are high diffusivity paths. 36 The diffused oxygen atoms reach the silicon substrate, where they react to form silicon oxide. This mechanism leads to a much slower growth rate of SiO 2 , which is reduced by the increase of the HfO 2 thickness.
The minimum of the SiO 2 thickness observed for pressures around 1.2 mbars by FTIR and TEM can be explained by considering the influence of deposition pressure on the two mechanisms discussed above. At low pressure the oxidation process that takes place in the initial stages is more effective, because the mean free path of the oxygen radicals in the plasma is longer than at higher pressures, so the plasma volume extends further away from the target and closer to the substrate. As a consequence, the initial oxidation process is faster at low pressure and slows down as the pressure is increased. However, as the HfO 2 film starts to grow, the oxygen radicals that continue the oxidation of the interface have to permeate through the growing HfO 2 film. Hence, the oxidation velocity becomes dependent on the oxygen diffusion rate and the thickness of the HfO 2 film. As the pressure is increased, the oxygen diffusion rate is expected to grow due to the higher oxygen concentration, while the growth rate of the HfO 2 film will become slower ͓as we saw in Fig. 7͑a͔͒ , so both factors will contribute to a higher oxidation rate of the interface. As a result of the different influence of deposition pressure on the initial oxidation and on the oxidation through HfO 2 , a minimum of interfacial oxide thickness is found for pressures around 1.2 mbars, as shown in Fig. 7͑b͒ . The same trend in the SiO 2 thickness as a function of deposition pressure was found previously in TiO 2 samples deposited in the same sputtering system. 12 This points to a SiO 2 thickness dependency on the pressure which is not material related but related to the sputtering system F. Electrical characterization Figure 9 shows the C-V and G-V characteristics of the samples deposited at 0.8 and 1.2 mbars. Non zero values of the conductance G are associated with small-signal energy loss. The two sources of small-signal energy loss are series resistance and interface traps. 22 The largest effect of the series resistance takes place in strong accumulation. A series resistance can cause large distortions in the measurement of the oxide capacitance C ox , and therefore, in the extraction of the density of interfacial traps. 37 The series resistance was calculated from the admittance in strong accumulation and then the measured capacitance and conductance were properly corrected. 22 In depletion, the peak of G is due to the changes in interface level occupancy. The density of interface traps ͑D it ͒ is determined from the peak of the equivalent parallel silicon conductance G P extracted from the capacitance and conductance measured in depletion, according to Eqs. ͑1͒ and ͑2͒. Values of D it of 5 ϫ 10 13 and 3 ϫ 10 12 eV −1 cm −2 were obtained for the samples deposited at 0.8 and 1.2 mbars, respectively. These high values are typical for strained silicon oxide, grown far from equilibrium conditions. Postdeposition processes, such as forming gas annealing, would be necessary to release this strain.
The relative dielectric permittivity of the HfO 2 deposited at 1.2 mbars was calculated by modeling the capacitance of the insulator as two capacitances in series, one corresponding to the HfO 2 layer and the other to the SiO 2 interfacial layer. The dielectric permittivity calculated from the measured capacitance in accumulation at 50 kHz, after series resistance correction, was 17. This value is slightly lower than reported values using different deposition techniques. 1 In order to gain insight into the reasons for this smaller k value, we performed a frequency study. Figure 10 shows the calculated dielectric constant of the sample deposited at 1.2 mbars as a function of the ac signal frequency. At low frequencies we found a high k value of 23, in agreement with the bulk value.
1 However, with increasing frequency the k value decreased, being 15 at 200 kHz. This decrease of the dielectric permittivity can be explained by the large density of point defects present in polycrystalline materials. Wagner and Sillars 36 proposed a model for the ac response of bulk dielectrics consisting of a perfect region and defective conducting regions. This model can be applied to our polycrystalline thin films by considering the grains as the perfect region and the boundaries as the defective regions. The two phases have different conductivities and dielectric constants and are modeled by two RC systems in series. The calculated dielectric constant of this system depends on the ac frequency signal, increasing with respect to the expected value of the perfect region for low frequencies and decreasing for high frequencies, as we observe for our films. This suggests that decreasing the defect content of the films ͑for instance, by means of postdeposition annealing͒ would lead to a stable, high k value of the HfO 2 films. It was also demonstrated that care must be taken when analyzing the dielectric permittivity of defective films if only C-V measurements performed at one single frequency are considered.
Although devices with film thickness in the range of nanometers have not been examined in this study, the unsatisfactory electrical properties obtained for these films reduce the application of HPRS HfO 2 in the field of the complementary MOS ͑CMOS͒ technology. Additionally, the polycrystalline structure and the high H content of the films lead to uniformity and reliability issues, ruling out this system in favor of other deposition techniques, for instance ALD, in which the uniformity and thickness control are not a cause of concern.
IV. CONCLUSION
The growth kinetics of the silicon oxide interfacial layer and the physical properties of HfO 2 deposited by HPRS using different deposition pressures and times have been reported. From the HI-ERDA measurements we observed a slightly oxygen rich stoichiometry and a high concentration of hydrogen due to high affinity for moisture of the HfO 2 films. Traces from other light elements such as B, C, N, and F were also detected. Several techniques have shown that the deposited HfO 2 films were polycrystalline, with a monoclinic structure. The influence of the deposition pressure on the grain size, the density, and the deposition rate of the HfO 2 films was studied. The HfO 2 growth rate decreased according to a power law when the deposition pressure increased, which is attributed to a decrease of the thermalization distance of the sputtered particles and to the less efficient process of transport of sputtered species through the plasma towards the substrate. The thickness of the interfacial SiO 2 layer showed a minimum for intermediate deposition pressures ͑about 1.2 mbars͒. It was also observed that the SiO 2 film grows mainly during the initial stages of the deposition process. Based on these results, we attribute the initial growth of the silicon oxide interface to the oxidation of the silicon surface, and the slower subsequent growth of the SiO 2 layer due to diffusion of oxygen through the grain boundaries of the HfO 2 film. Finally, we observed a frequency dependency of the k value in the 40 Hz-200 kHz range, which we attribute to the defective properties of the polycrystalline films. The SiO 2 interfacial layer formed during the sputtering process rules out the growth of high-k dielectrics on silicon by HPRS with small equivalent oxide thickness, unless some treatment of the Si surface is performed in order to prevent the growth of the SiO 2 layer.
However, the deposition rate obtained by HPRS and the HfO 2 properties such as refractive index, optical band gap, microstructure, and density found in this study make the films suitable for their application as transparent coatings and/or chemical inert layers. 
